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ABSTRACT 
The present paper reviews two “unconventional” 
approaches to experimentally address the diagnostics, 
analysis and solution of hydroacoustic problems in 
naval engineering. The first approach, based on direct 
pressure fluctuation measurements combined with 
detailed flow measurements in the proximity of the 
noise source, provides a direct estimate of the flow 
phenomena at the origin of sound generation and 
emission. The second approach is a relatively recent 
strategy to investigate the sources of acoustic noise in 
the aeronautical field and concerns the use of 
volumetric techniques, such as Tomographic PIV 
(Elsinga, et al., 2006), in combination with acoustic 
analogies.  
The abilities of the two approaches are investigated 
with reference to the analysis of the noise sources in 
some test cases consisting of an isolated propeller, a 
propeller operating in the wake a surface ship, and an 
open-water propeller-rudder system.  
Both approaches are shown to enable the physical 
interpretation of the potential mechanism of noise 
generation and emission from a naval propeller.  
1. INTRODUCTION 
Mitigation and control of the ship noise footprint 
are issues of increasing importance for the international 
shipbuilding industry, due to the increasingly 
demanding rules and classification standards that must 
be complied before ship delivery both in civil and 
military fields (Carlton and Vlasic, 2005). In fact, the 
dramatic increase of the underwater noise pollution, 
estimated by 3 to 6 db/year since the 60’s, created the 
need to mitigate ship noise, whose levels represent 
nowadays a dramatic threat to the survivability of the 
marine biodiversity and the sustainability of the 
maritime transport (Hildebrand, 2004). On the other 
hand, reduction of ship/submarine susceptibility to 
detection has been a relevant issue in naval field and 
has concerned many efforts to effectively develop 
suitable acoustic signature mitigation, control and 
alteration solutions.  
In order to meet these requirements, a major 
breakthrough in ship design and operation is needed by  
the industry and research community, thus complying 
with the new standards for safer and more sustainable 
shipping as well as with the rigid performance 
requirements in the naval field. In particular, research is 
needed to address the two-fold task of developing 
effective tools to support the diagnostics and the design 
of ships on one hand, and to improve the understanding 
of the fundamental underlying mechanisms of the noise 
generation and radiation phenomena, on the other hand.  
Current standard experimental investigations in 
hydro-acoustics rely on the localization of noise 
sources by far field hydrophone arrays and advanced 
signal processing capabilities for sound recognition, 
underwater sound source localization and motion 
tracking (Brooks and Humphreys, 2006). For example, 
beam-forming is an effective measurement technique in 
which the identification of the noise sources is 
undertaken on the basis of the phase shift among 
microphone signals organized in large arrays and 
positioned in the acoustic far field. This experimental 
approach has the advantage to deal directly with the 
acoustic field, enabling the characterization of the 
spectral properties and the determination of the sound 
pressure level with a good precision. The drawback lies 
both in the non-accurate localization of the noise 
sources and in the lack of information about the flow 
phenomena at the origin of sound generation and 
emission. For example, beam-forming is only able to 
roughly determine the location of the sound sources 
underwater but cannot provide any information about 
their nature.  
Accurate diagnostics of the noise source 
localization and the identification of the physical causes 
of the noise generation and emission phenomena 
require different approaches that are able to: 
 Provide local information on the acoustic pressure 
distribution, complementary to remote 
measurements by phase hydrophone arrays,  
 Establish a direct connection between the hydro-
acoustics problem and the flow phenomena at the 
origin of noise generation and radiation.  
 This information is necessary to implement 
effective design and operational measures for the 
mitigation, control and alteration of the noise footprint 
of marine applications.  
 The present study deals with novel experimental 
methodologies for the identification and analysis of the 
hydro-acoustic mechanisms of perturbation in a naval 
system that have been developed and successfully 
applied at CNR-INSEAN in the last ten years. These 
methodologies refer to two different approaches: 
 Direct approach: The identification of the noise 
emission and propagation mechanisms is based 
upon direct pressure fluctuation measurements in 
the proximity of the noise source and/or in the 
acoustic far field. The perturbation induced by the 
passage of eddy structures involves the pressure 
signals to be pre-processed through a signal 
decomposition technique that is able to filter out 
the hydrodynamic contribution from the near-field 
pressure fluctuation signals (Felli, et al., 2014). 
Usually, hydrophone measurements are performed 
in combination with detailed flow measurements in 
the source region by means of Hot Film, Laser 
Doppler Velocimetry (LDV) or PIV. Simultaneous 
pressure and velocity measurements permit the 
conditional analysis of the flow topology with 
respect to acoustic pressure fluctuations and, thus, 
allow to directly link acoustic waves with specific 
flow events. 
 Indirect approach: The main idea behind this 
approach is to establish a direct connection 
between the hydro-acoustics problem and the flow 
phenomena at the origin of noise generation (see 
Jordan and Gervais, 2008), similarly to what is 
done by Computational Hydro-Acoustics (CHA) 
when based on the solution of the fully 3D 
unsteady Navier-Stokes equations (Ianniello et al., 
2013). Unlike in the direct approach, the solution 
of the hydro-acoustic problem is, then, relied 
indirectly on quantitative field measurements able 
to fully describe the unsteady flow behavior and on 
the application of acoustic analogies in which the 
source term is formulated in terms of vorticity (e.g. 
Powell, 1964). This involves the use of a time 
resolved velocimetry technique capable of 
resolving all the velocity gradients at an instant for 
the evaluation of the integrand terms in the 
analogies.  
 In this paper we present an overview of the above 
approaches, with an emphasis on specific applications 
related to naval propulsion. The objective is 
highlighting the effectiveness of these approaches to 
address acoustic problems in towing tanks and other 
hydrodynamic facilities, at both diagnostics and 
performance assessment level.   
 The paper is organised as follows. In Sections 2 
and 3 we endeavour to detail the two approaches. 
Section 2 deals with the direct approach describing the 
methodologies used to correlate and condition near-
field flow measurements with far-field acoustic signals 
as well as to separate out the acoustic and the 
hydrodynamic contributions in the near field pressure 
fluctuation signals. The indirect approach is 
documented in Section 3, in which acoustic analogies 
are recalled to explain the relation between flow 
structures and acoustic sources. In particular, attention 
is here paid to describe the major issues related to the 
application of volumetric techniques to model 
hydrodynamically generated sound through the use of 
the Powell’s acoustic analogy (Powell, 1964). 
Sections 4.1 and 4.2 report two illustrative applications 
of the direct approach to the study a propeller-rudder 
system and a surface ship propeller. As an example of 
indirect approach, Section 4.3 documents a state-of-the-
art application to a propeller wake measurement by 
Tomographic PIV, focusing on the identification of the 
noise sources by the combined use of a volumetric 
technique with the Powell’s analogy. Conclusion and 
future works are presented in Section 6. 
2. DIRECT APPROACH 
The analysis of the acoustic noise emission and 
propagation mechanisms is based on simultaneous 
acoustic measurements in the far field and detailed flow 
measurements in proximity of the noise source. The 
localization of the acoustic sources and the assessment 
of the associated radiation efficiency, being correlated 
to characteristics of the acoustic perturbation in 
proximity of the emitting body and in the far field, 
require different approaches to be simultaneously 
integrated: 
 Far-field measurements deal directly with the 
acoustic field and, thus, allow to effectively 
determine the spectral properties and the level of the 
acoustic perturbation. However, remote 
measurements are not able to supply local 
information necessary to accurately localize the 
acoustic sources.  
 Near-field measurements enable the accurate 
identification of the potential acoustic sources but 
the results are ineffective to establish if and how 
much they propagate in the far field. Therefore, 
this approach can only produce a conservative map 
of the noise sources since it does not account for 
their radiation efficiency. In fact, the strengths of 
some acoustic sources in the near-field largely 
cancel themselves out and only a relatively small 
portion radiates to the far-field. 
The transition from the conservative to the actual 
map of the noise sources involves the implementation 
of acquisition methodologies that are able to correlate 
in-flow quantities to the far field pressure fluctuations. 
The idea is, thus, to investigate the cause and effect 
relationship between the characteristics of the acoustic 
perturbation in the far-field and the flow mechanisms 
underlying the noise generation. This approach has 
been widely and exclusively used for aeroacoustic 
applications so far, and different near-field quantities 
were considered for the correlation. For example, Clark 
and Ribner (1969) correlated the fluctuating lift of an 
airfoil with the acoustic pressure; Siddon (1973) 
measured the fluctuating surface pressure on a circular 
plate and correlated it with the acoustic pressure.  Lee 
and Ribner (1972) and more recently, Panda et al. 
(2005) used respectively the squared component of the 
flow velocity in the direction of the far-field 
microphone and the fluctuating stress ρvivj as near-field 
quantities representing the source strength in different 
formulations of the Lighthill’s analogy (see Lighthill, 
1952 and Lee and Ribner, 1972).  More recently, 
Henning et al (2008) presented an approach where the 
acoustic pressure was correlated to the fluctuations of 
the in-plane velocity and vorticity components, 
measured by 2D-PIV, which partially represent the 
source term in the Howe’s (1975) reformulation of the 
Lighthill acoustic analogy. Despite the very poor 
resolution of 2D-PIV in the time domain, cross-
correlations were successfully obtained by coupling 
several PIV measurements with long series of high 
sample rate microphone measurements in which each 
PIV image was treated as an essentially separate 
realization of the flow. However, this kind of approach, 
comprising stationary measurements of statistically 
independent flow realizations, did not allow 
investigating the dynamic characteristics of the flow 
events, which are important to comprehend the 
mechanisms by which the turbulent kinetic energy of 
the flow is converted into sound energy (Tinney et al., 
2008a). These limitations have recently aroused the 
interest in the use of advanced PIV techniques, such as  
time-resolved PIV (Breakey and Fitzpatrick, 2012)  and 
time-resolved tomography (Violato et al., 2013) whose 
application still remains a challenging task due to the 
constraints on the extent of the instantaneous 
measurement domain and the required spatial and 
temporal resolution.     
 Unlike many examples in the aeroacoustic field, 
even if mostly concerned laboratory applications, and 
the proven effectiveness of this approach for the 
diagnostics of acoustic problems, its implementation in 
the naval field is still very challenging. In the author’s 
knowledge, no prior application has been reported in 
this area. Some technical reasons that could partially 
explain the lack of applications in the naval field are: 
 Scales of experiments are typically large to make 
the use of time-resolved techniques quite 
challenging.  Such a large-scale system requires 
high laser energy when the acquisition rate has to be 
increased to resolve the time-scales of the flow. 
 Noise is mostly induced by the dynamics of the 
propeller vortical structures (Felli et al., 2011; 
Ianniello et al., 2013) and by the blade interaction 
with the hull wake. These phenomena are fully 
three dimensional, thus requiring the use of 
volumetric techniques, possibly time resolved, to 
resolve the in-flow quantities representative of the 
source strength. However, the use of volumetric 
techniques is still a tricky task especially due to the 
constraints on the extent of the instantaneous 
measurement domain. 
 Underwater noise is mainly induced by cavitation. 
The occurrence of a two phase flow adds a further 
complication in the use of optical techniques such 
as PIV and its variants (i.e. Stereo-PIV, TomoPIV), 
due to the risk of strong reflections in the direction 
of the cameras and the obstruction of the optical 
path (Tassin, et al., 1995). Solutions such as the use 
of fluorescent particles in combination with optical 
filters in front of the cameras (Gopalan and Katz 
2000) as well as the implementation of advanced 
image pre-processing tools to deal with reflections 
on the cavity interface (Foeth et al., 2006) can be 
effectively implemented only in small facilities and 
simple flows.  
 The use of time-resolved single-point velocimetry 
techniques such as LDV or Hot Film is a costly 
solution to obtain the whole field of velocity 
information in proximity of the source region with 
the required spatial resolution. In fact, the probe has 
to be traversed point-by-point along multiple axes 
and the entire process can take a significant amount 
of facility time. In addition, the single point nature 
of these techniques makes them unsuitable for 
measuring in-flow quantities representative of the 
acoustic sources, which require a multi-point 
approach. 
 A possible alternative to the application of optical 
techniques is to directly correlate near- and far- 
field acoustic pressure fluctuation signals. Although 
the choice of the acoustic pressure is obviously 
suitable to represent the acoustic perturbation in 
proximity of the noise source, this approach has not 
been considered so far because of the difficulty to 
separate the acoustic from the hydrodynamic 
components of the near-field pressure fluctuation 
signals (Tinney et al., 2007). These contributions 
are normally buried by each other in the near field 
where the flow field is normally dominated by the 
passage of turbulent structures. Moving away from 
the noise source, the hydrodynamic contribution 
disappears and pressure field reduces only to sound 
(Howe, 1960). Recently, Felli et al. (2014) 
presented and successfully applied an effective 
wavelet-based procedure to separate out the two 
contributions. This procedure allows to extend the 
choice of the in-flow quantity to the acoustic 
pressure distribution in proximity of the noise 
source.  
Despite the above motivations, the idea of 
investigating the cause and effect relationship between 
the characteristics of the acoustic perturbation in the 
far-field and the flow mechanisms at the origin of the 
noise generation represents an important breakthrough 
for the diagnostics of the acoustic sources. It is worth 
considering as a relevant task in naval hydro-acoustics.   
Two major experimental methodologies to 
investigate the cause-and-effect relationship between 
in-flow quantities and far-field pressure fluctuations are 
described hereinafter. 
 
 
Figure 1. Direct cross-correlation between  pressure 
fluctuations in the acoustic far field and a near field quantity, 
representative of the source perturbation. 
 
 
Cross correlation techniques. The relationship 
between the near-field fluctuations in a flow (the 
‘cause’) and the observed pressure fluctuations outside 
of the flow (the ‘effect’) is quantified by direct cross-
correlation (Figure 1). The analytical representation of 
the normalized cross-correlation function between a 
near field quantity ψ’(x,t) and the acoustic pressure 
signal in the far field p’(y,t) is defined as: 
 
𝑆𝜓′,𝑝′(𝒙, 𝒚, 𝜏) =
∑ [𝜓′(𝒚,𝑡𝑛)𝑝
′(𝒙,𝑡𝑛+𝜏)]
𝑁
𝑛=1
𝜎𝜓′(𝒚)𝜎𝑝′(𝒙)
          (1) 
 
where N is the number of acquired samples, tn are the 
discrete times at which both signals are recorded and 𝜎ψ 
and 𝜎p’ are the root-mean-square of the data series. This 
approach applies to time-resolved PIV and pressure 
signals as in-flow quantities. When time-resolved data 
are not available, such as when standard PIV is used, 
the sampling rate is clearly too slow to enable a 
capturing of the unsteady phenomena in proximity of 
the acoustic source and, thus, only stationary 
measurements of statistically independent flow 
realizations can be performed. Despite this approach 
allows investigating the dynamical characteristics of 
the flow events which are responsible for the noise 
emission only statistically, in some circumstances it 
might be effective for the localization of the noise 
sources, as shown in Henning at al. (2008, 2009 and 
2010).  In these cases, the cross-correlation is achieved 
by an ensemble average over a large number of PIV 
recordings, which is necessary to minimize the 
contribution of uncorrelated noise components and 
random errors through the averaging process. 
Specifically: 
 
𝑆𝜓′,𝑝′(𝒙, 𝒚, 𝜏) =
1
𝑁
∑ [𝜓′(𝒚,𝑡𝑛)𝑝
′(𝒙,𝑡𝑛+𝜏)]
𝑁
𝑛=1
𝜎𝜓′(𝒚)𝜎𝑝′(𝒙)
       (2) 
 
where N is the number of events of the in-flow quantity 
and tn are the discrete times at which the in-flow 
quantity is recorded. Note that the time delay τ is given 
only at discrete steps, where the step size Δτ is 
determined by the sampling rate of the acoustic 
pressure signal. 
 
Conditional techniques. Conditional sampling and 
averaging is an effective means to educe the in-flow 
mechanisms responsible for noise generation from 
distinguishing events of the acoustic perturbation in the 
far-field. A typical arrangement consists of a far-field 
hydrophone, which provides the reference signal p’(y, 
t), used for educing the trigger events, in combination 
with a measurement technique that is able to survey the 
flow field in proximity of the acoustic source, such as 
PIV or hydrophones. Signal conditioning can be either 
undertaken by implementing conditional sampling 
procedures, which imply a dedicated hardware able to 
real-time process of the far-field signal and to trigger 
the acquisition of the in-flow quantity, or off-line. 
Conditional averages are undertaken as follows: 
< 𝜓(𝒚) >=
∑ 𝛿(𝑡 = 𝑡𝑖) ∙ 𝜓(𝒚, 𝑡)
𝑁
𝑖=1
∑ 𝛿(𝑡 = 𝑡𝑖)
𝑁
𝑖=1
             (3) 
where <…> is the average operator, N is the number of 
conditioned events, ti is the acquisition time of the i-th 
trigger event, δ is a discrete function centered upon the 
detection point that returns the value 1 when a detection 
is established and zero any other time. A key issue for 
the success of conditional averaging is obviously the 
proper choice of the trigger condition. The most simple 
trigger condition is a threshold applied to the original 
signal or to a derived quantity, such as the Local 
Intermittency Function (LIM) of its wavelet transform 
as in Camussi et al. (2010).  
 Figure 2. Indirect approach: principle of the acoustic 
analogies  
3. INDIRECT APPROACH 
In the indirect approach, the survey of the flow 
phenomena underlying the acoustic perturbation is 
addressed through the combined use of a detailed flow 
measurement technique that is able to describe the 
unsteady flow behavior in the source region, and 
acoustic analogies.  
Generally speaking, the key concept at the basis of 
acoustic analogies consists of a rearrangement of the 
fundamental conservation laws of mass and momentum 
into an inhomogeneous wave equation, in which the 
left-hand side appears as a linear wave operator and the 
right-hand side represents the non-linear fluid motions 
that are interpreted as a source of fluid-dynamically 
generated sound (Lighthill, 1952). The essential 
assumption of this approach is that the production and 
propagation of acoustic waves can be decoupled from 
the flow, whose reconstruction requires the use of 
either high fidelity numerical simulations or adequate 
experimental techniques to accurately describe the 
fluid-dynamics in the source region. The general form 
of an acoustic analogy can be represented as:  
                              Lf = s                                    (4) 
where Lf is the wave operator part containing the 
operator L and the field f to be calculated and s 
represents the source term. In equation (4), the acoustic 
source term is non-zero within a compact domain in the 
near-field region. Outside this region, the flow is 
assumed to be at rest and to satisfy the homogeneous 
wave equation for acoustic pressure (Figure 2). A 
review of the best-known and most commonly used 
analogies in experimental and numerical aero-/hydro-
acoustics is out of the scope of the present paper. In this 
regard, a comprehensive dissertation is given in Schram 
(2003).  
The intent of this section is to outline both the 
potential and the critical issues associated with the use 
of detailed flow measurement techniques and acoustic 
analogies. In this regard, we will consider an alternative 
formulation of the Lighthill’s acoustic analogy, known 
as Vortex Sound Theory, which is particularly suitable 
for the experimental prediction of the noise generation 
and propagation mechanisms in naval hydrodynamics 
and which offers a number of advantages compared to 
the original formulation by Lighthill. Specifically, the 
power of the Vortex Sound Theory stems from the 
following observations: 
 The study of the vortex motion corresponds to a 
kinematic problem which is much easier than the 
solution of the dynamical problem. 
 In common flows the region over which the 
vorticity is non-vanishing has usually a spatial 
extent much smaller than does the region where 
Lighthill’s source is non-vanishing. This allows to 
reduce the extent of the measurement domain.  
 This analogy offers a powerful formalism to 
compensate for uncertainties in the flow model and, 
thus, makes its use suitable in combination with 
flow measurement techniques, such as PIV, which 
naturally suffer for inaccuracies especially when 
dealing with complex flows.  Since the momentum 
and the kinetic energy appear explicitly in the 
derivation of the analogy, it allows to impose their 
invariance even if the flow model does not respect 
these conservation laws. 
Powell (1964) demonstrated that the sound sources 
within a volume of an incompressible, turbulent flow 
could be related to the vorticity field by means of the 
Biot-Savart law.  Accordingly, the Lightill’s stress 
tensor is expressed by: 
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It can be proved by dimensional analysis that the 
contribution of s1 and s2 in the far-field decay with M
2
 
and M
5 
, respectively, where M is the Mach number.  
Thus, the predominant term of the Lightill’s stress 
tensor can be reduced to only the divergence of the 
Lamb vector ?⃗? × ?⃗? , at low Mach number. 
The formal solution of the inhomogeneous wave 
equation of the Powell acoustic analogy, expressed in 
terms of pressure perturbation in the far field and in the 
absence of any external force acting on the flow 
volume is: 
𝑝′(𝑥 , 𝑡) =
−𝜌0𝑥𝑖𝑥𝑗
4𝜋𝑐0
2|𝑥|3
𝜕2
𝜕𝑡2
∭ 𝑦𝑖(?⃗? × ?⃗? )𝑗𝑑𝑦
3
𝑉
     (6) 
where: 
 x and y are the positions of the observer and the 
source terms, respectively;  
 the volume integral of the Lamb vector within the 
turbulent flow is evaluated at a retarded time τ=t-
|x|/c0 that accounts for the time-lag of the acoustic 
perturbation from x to y. 
In Eq. (6), the formulation of the noise source 
within a turbulent, compact region of an unbounded 
flow field, contains a volumetric integral and a second-
time derivative, which means that the source term is 
correctly evaluated only if three-dimensional time-
resolved data are available in the source region. To this 
end, time-resolved tomographic PIV (i.e. 4D-PIV, 
Scarano, 2007) can certainly play an important role for 
the experimental investigation of flow events that 
generate noise, enabling the measurement of the 
temporal and spatial features of 3D flow structures. 
This potential has been acknowledged by Tinney et al. 
(2008b) and in the review article on PIV for 
aeroacoustics by Morris (2011). However, despite some 
successful measurements have been performed by 
Violato et al. (2011, 2013), the use of time-resolved 
Tomographic PIV still remains a challenging task, 
especially due to the constraints on the extent of the 
instantaneous measurement domain and on the required 
spatial and temporal resolution.  
However, it is worth noting that methods used to 
derive acoustic understanding from velocimetry 
measurements might vary depending on both the 
physical problem and the data available. Examples 
include inspection of mean flow properties to gain a 
qualitative understanding of the noise sources, which in 
many case is adequate to support the diagnostics of 
acoustic problems. Other methods include e.g. phase 
averaging of velocity data or POD analysis. In many 
situations, a complete description of the flow is not 
experimentally available and so a combination of these 
methods is often used to gain a qualitative 
understanding of noise generation.  
4. APPLICATION OF DIRECT AND INDIRECT 
APPROACH FOR THE HYDROACOUSTIC 
ANALYSIS OF PROPULSION PROBLEMS 
Some practical examples of the methodologies 
introduced in Sections 2 and 3 are reported in the 
following section, with reference to typical problems of 
naval hydro-acoustics. The objective is two-fold: 1) 
show the ability of these methodologies to address the 
diagnostics of hydroacoustic problems in comparison to 
the standard approaches, currently used in naval 
hydroacoustics, 2) highlight the major critical issues 
and improvement margins related to the use of these 
methodologies in hydrodynamic facilities.  
To this aim, the following case studies have been 
considered as representative applications of the direct 
and indirect approaches: 
 The mechanisms of acoustic perturbation in a 
rudder operating behind an isolated propeller by 
near- and far-field measurements of the acoustic 
pressure and Laser Doppler Velocimetry; 
 The noise sources in a single screwed vessel by 
simultaneous visualization/far-field pressure and 
near-/far-field pressure measurements in cavitating 
and non-cavitating flow conditions;    
 Hydroacoustic analysis of an isolated marine 
propeller through the combined use of Tomographic 
PIV with the Powell’s analogy. 
4.1 DIRECT APPROACH 
4.1.1 Hydroacoustics analysis of a rudder operating 
in the wake of an isolated marine propeller.  
The study of the mechanisms underlying the noise 
generation in a rudder operating behind a free running 
four-bladed propeller was conducted in the 
hydrodynamic tunnel of CNR INSEAN. A sketch of the 
experimental set up is shown in Figure 3. 
 
Figure 3. Sketch of the propeller-rudder configuration 
 
The propeller-rudder arrangement was thought to 
simulate the typical configuration of a single-screw 
ship model. To this aim, the rudder was fixed with the 
symmetry plane passing through the prolongation of the 
propeller axis and the leading edge at r = R from the 
propeller disk plane.  
Measurements were performed along the rudder 
surface and consisted of detailed acoustic pressure 
fluctuation measurements over a grid of 144 positions 
and velocimetry measurements by LDV. Details of the 
experimental set-up are documented in Felli et al. 
(2014). 
Near-field pressure fluctuations signals were 
processed by a recently developed wavelet filtering 
technique (Felli et al., 2014) that was used to separate 
the acoustic and hydrodynamic components of the 
recorded near-field pressure signals. This enabled to 
gain in the signal-to-noise ratio by filtering out the 
hydrodynamic component of the pressure fluctuation 
signals and, thus, allowed to correctly estimate the 
actual locations of acoustic sources in the flow.  
Figure 4 shows the power spectral density (i.e. 
PSD) of the acoustic and hydrodynamic pressure 
fluctuation signals in some representative positions 
over the  rudder  surface.  Pressure  spectra  exhibit a 
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Figure 4. Power spectral density of the acoustic and hydrodynamic sound pressure fluctuations in some representative positions 
on the rudder surface.  
 
 
 
 
 
Figure 5. Phase-locked comparison between the sound and pseudo-sound components of the wall pressure signal (contour plots) 
and the vorticity field measured over the rudder surface (white lines). Top port face. Bottom starboard face 
 
broadband component and a series of harmonically 
related tonal peaks, mostly at multiples of the blade 
passing frequency (BPF) and more or less acute 
depending on both position and perturbation type (i.e., 
acoustic or hydrodynamic).  
In order to identify the flow mechanisms at the 
origin of the acoustic and hydrodynamic perturbations 
in the rudder, a topological analysis of the pressure and 
vorticity distributions was accomplished according to 
the following procedure: i) identify the most energetic 
peaks in the power spectra of the acoustic and 
hydrodynamic pressure fluctuation signals, ii) perform 
the harmonic decomposition of the acoustic and 
hydrodynamic pressure fluctuation signals, iii) 
represent the phase locked topologies of the acoustic 
and hydrodynamic pressure fluctuation signals relative 
to the most energetic tonal contributions, iv) compare 
the resulting wall pressure distributions with the 
corresponding topologies of the vorticity component 
normal to the rudder surface, as measured by LDV. 
Figure 5 reports the distribution of the phase-
locked acoustic and hydrodynamic signals over the 
rudder port and starboard faces (iso-contours) with 
superimposed the vorticity component (white lines). 
The different topologies of the sound and pseudo-sound 
contributions are clearly indicative of distinct 
mechanisms at the origin of the acoustic and 
hydrodynamic perturbations in a propeller-rudder 
system. Specifically: 
 Local maxima of the acoustic perturbation are 
localized in the rudder region between the hub and 
the tip vortices where propeller develops the 
maximum thrust (Felli et al., 2009), and in the 
boundary of the propeller streamtube. No evidence 
of a significant acoustic perturbation associated 
with the passage of the propeller structures is 
observed. The primary sources of tonal sound in a 
propeller-rudder system are correlated with two 
distinct phenomena: the hydrodynamic load 
unsteadiness induced by the propeller flow and the 
fluctuations of the propeller streamtube during the 
interaction with the rudder. It is worth to note that 
the above results do not account for the radiation 
efficiency of the acoustic perturbation associated 
with the identified flow mechanisms and thus, have 
to be considered only as an estimate of the 
potential acoustic sources, as stated in Section 2. 
The limited size of the facility did not allow 
measuring the acoustic pressure fluctuations in the 
far field, necessary to identify the actual map of the 
noise sources. 
 Hydrodynamic perturbation is mainly localized in 
the area of the propeller tip and hub vortex traces. 
The trace of the tip vortex-associated perturbation 
has a dipole pattern centered in the vortex core. A 
similar pattern has been shown in Ianniello et al. 
(2013) for the pressure field around a propeller tip 
vortex. The hydrodynamic pressure perturbation 
reduces dramatically moving inward along the 
trace of the trailing wake and, then, increases 
suddenly in the hub vortex region, where it 
presents again a dipolar pattern with inverted sign 
relatively to the corresponding tip sections.  
The choice of LDV and of the vorticity component 
normal to the rudder surface as representative quantity 
of the flow field perturbation, proven to be effective for 
the understanding of the major flow mechanisms 
underlying the noise emission. 
 
 
 
Figure 6. Near- (top) and far- (mid and bottom) field 
hydrophone arrangement for simultaneous acoustic 
measurements in the acoustic far-field and in proximity of the 
noise source  
4.1.2 Hydroacoustics analysis of a single screwed 
vessel in cavitating and non-cavitating 
conditions.    
As an example of simultaneous near- and far-field 
measurements to investigate the mechanisms of noise 
generation and localize the noise sources, the present 
session deals with the study of a vessel equipped with a 
conventional four-bladed propeller in the large 
cavitation channel of CNR INSEAN (10 m length, 3.6 
m width and 2.25 m maximum water depth). The test 
matrix included the following measurements: 
 Near- and far-field acoustic pressure fluctuation 
measurements in non-cavitating conditions, 
 Far-field acoustic measurements synchronized with 
time resolved visualizations in the propeller region, 
in cavitating conditions, 
 Far field acoustic measurements synchronized with 
near-field velocimetry measurements by LDV in 
non cavitating conditions. 
A sketch of the hydrophone arrangement and of the 
measurement grid used to measure the acoustic 
pressure fluctuations in the far- and near-field 
respectively is shown in Figure 6.  Near-field pressure 
signals were filtered by the wavelet procedure 
documented in Felli et al. (2014) and the extracted 
acoustic and hydrodynamic signals correlated with the 
far-field acoustic signals as acquired by hydrophone H3 
(see Figure 6).  
 
 
Figure 7. Non-cavitating propeller noise: distribution of the 
maximum intensity of the cross-correlation function 
calculated between near- and far-field acoustic pressure 
fluctuation signals. 
 
Figure 7 shows the spatial distribution of the 
maximum intensity of the cross correlation function 
between near- and far-field acoustic pressure 
fluctuation signals. The analysis highlights a maximum 
of the cross correlation which is localized in the second 
quadrant of the propeller disk where blade load 
experiences the largest azimuthal gradients and 
turbulent fluctuations. The spectral characteristics of 
the near-field acoustic perturbation are presented in 
Figure 8 for two representative positions within the 
region of maximum correlation. The blade-rate 
harmonic, which represents the dominant tonal 
contribution at point 1 (Figure 8), reduces significantly 
at point 2 where the power spectrum presents a minor 
intensity relative to both the broadband and tonal 
contributions in the low frequency range and a larger 
tonal and broadband energy content above f/BPF=1.5. 
Figure 9 describes the phase-locked evolution of the 
acoustic pressure fluctuations over a transverse section, 
30mm downstream of the propeller disk. The 
perturbation identified by the solid white circles is the 
only high correlation region of Figure 7. This result 
seems to suggest that the other perturbation appearing 
in Figure 9 and identified with dashed circle cancels 
itself out and, thus, not propagate in the far field.  
 
 
 
Figure 8. Non-cavitating propeller noise: Power Spectral 
Density pressure fluctuation signals measured in two 
reference positions of the near field  
 
 
 
Figure 9. Non cavitating propeller noise: phase-locked 
evolution of the acoustic pressure distribution over a 
transverse section downstream of the propeller  
 
 
As a typical example of investigation approach for 
cavitating flows, the following part describes an 
application of a conditional analysis for the 
identification of the noise emitting mechanisms when 
the blade cavitation occurs. The conditional analysis is 
based upon synchronized time-resolved visualizations 
of the propeller flow and far-field acoustic 
measurements. A sketch of the experimental set up is 
shown in Figure 10.  
 
Figure 10. Cavitating propeller noise: Experimental set up for 
the conditional analysis of far field acoustic measurements 
and flow visualizations in the propeller region  
 
 
Figure 11. Cavitating propeller noise: methodology to 
condition cavitation observations to pressure fluctuation 
signals 
 
The conditional criterion adopted therein is based 
upon the wavelet transform of the acoustic signal in the 
far field. This approach was proven to be very effective 
to educe the most energetic contributions of the 
acoustic perturbation over the time and frequency 
domains and, thus, to detect the related underlying 
mechanism in the near field. In particular, following 
former works in the aeroacoustic field (Camussi et al., 
2008, 2010), the event-tracking method used to perform 
the conditional analysis was based on the computation 
of the so-called Local Intermittency Measure or LIM 
(Camussi & Guj, 1997; Farge, 1992). Without going 
into the details of the implementation, an overview of 
the conditional procedure is schematically represented 
in the block diagram in Figure 11. Given a reference 
signal (e.g. the far-field acoustic pressure, in this case), 
the conditional procedure consists of selecting a 
threshold level T
*
 and a wavelet resolution scale r∗: 
when, for t=t0 LIM(t0,r
*
)>T
*
, it may be assumed that an 
energetic pressure event (i.e. trigger-event in Section 2) 
is detected at the time instant t=t0 and at the scale r =r∗.  
An illustrative result of the conditional analysis is 
presented in Figure 12: the upper part shows three 
representative sequences relative to the triggering time 
T0 and to two time-intervals before and after; the 
bottom part describes the ensemble averaged evolution 
of the pressure fluctuation signals, as obtained by 
averaging all the segments of the signal extracted 
around the triggering times. 
 
 
Figure 12. Cavitating propeller noise. Results of the 
conditional analysis. Three representative sequences relative 
to the triggering time T0 and to two time-intervals before and 
after (top); ensemble averaged evolution of the pressure 
fluctuation signals, as obtained by averaging all the segments 
of signal extracted around the triggering times (bottom). 
4.2 INDIRECT APPROACH 
4.2.1 Hydroacoustics analysis of an isolated 
propeller though Tomographic PIV and 
Powell’s Analogy 
As illustrative application of the indirect approach, 
a state-of-the-art experiment in which Tomographic 
PIV was used in combination with the Powell’s 
analogy for the identification of the noise sources in an 
open water marine propeller is presented in the present 
section. The experiment was performed in the 
cavitation tunnel of CNR INSEAN (2.6 m length, 0.6 m 
width and 0.6 m height). The selected propeller was a 
four-bladed, left-handed model of 227.13mm diameter, 
characterized by a high skew and a variable pitch 
distribution.  
 
Figure 13. Tomographic PIV measurement set up 
Measurements were undertaken over an axial 
extent of the near wake from 0.1 to about 2 propeller 
diameters. The measurement volume covered the mid-
longitudinal plane of the propeller and was sufficiently 
thick to achieve the calculation of the out-of-plane 
gradients as well as to resolve the topology of turbulent 
flow structures in the propeller wake.  
Tomographic measurements were phase-locked 
with the propeller position to resolve the flow field 
evolution during a complete revolution. A sketch of the 
experimental set up is shown in Figure 13. The 
illumination was provided by a double-cavity Nd-Yag 
laser (2 x 200 mJ/pulse at 12.5 Hz). The laser beam was 
expanded through a set of two cylindrical diverging 
lenses to obtain an illumination domain extended about 
170 mm x 5 mm in the streamwise and transversal 
directions, respectively. Knife-edge filters were 
employed to cut the light intensity beyond the nominal 
thickness of the measurement volume, as the beam 
tends to diverge along the optical path. The scattered 
light was recorded by a tomographic system composed 
of four Imager sCMOS cameras by LaVision (16 bits, 
2560 × 2160 pixels, pixel size 6.5 μm, 50 frames/s). 
Cameras were arranged in pairs viewing the 
measurement volume from opposite sides in a 
symmetrical configuration (see Figure 13).  
More specifically, cameras had the optical axis 
along the horizontal plane and were angled at β=0° 
(cameras 1 and 3) and β=45° (cameras 2 and 4). Water-
filled prisms were used to minimize the effect of 
astigmatic aberrations in the inclined cameras. 
Sequences of 1000 image pairs were recorded in frame-
straddling mode with a pulse separation time of 120 μs.  
 
 
 
Figure 14. Tomografic PIV measurements: distribution of the vorticity magnitude. Iso surface are  defined though the lambda-2 
method (Joung & Hussain, 1995).  
 
  
Figure 15. Tomografic PIV measurements: distribution of the 
mean axial velocity (top) and of the vorticity fluctuations 
(bottom). 
 
Hollow glass particles with 30 μm diameter were 
dispersed homogeneously, achieving a uniform 
concentration of 0.65 particles/mm
3
. Data acquisition 
and processing was performed on a dual esa-core Intel 
Xeon processor at 2.67 GHz with 48 GB RAM 
memory. An exhaustive description of the experimental 
campaign, including calibration, image pre-processing, 
tomographic reconstruction and volume correlation 
issues is beyond the scope of the present work and will 
be published in a journal soon. 
Figure 14 shows the tomographic reconstruction of 
the propeller wake. Iso contours refer to the vorticity 
magnitude and iso surfaces are defined through the 
lambda-2 method (Joung & Hussain, 1995). In addition 
to the typical vortical structures of a propeller wake, 
such as the tip and hub vortices and the trailing wake, 
the flow is characterized by a secondary vortex which 
is probably generated along the leading edge of the 
blade with a mechanism similar to that occurring in a 
delta wing. This secondary vortical structure tends to 
rapidly roll up around the tip vortex. Figure 15 shows 
the distribution of the mean axial velocity and of the 
vorticity fluctuations.  
The far-field acoustic perturbation generated by the 
propeller wake was estimated through an application of 
Powell’s analogy in Eq.(6). To this end, the source 
term, represented by the second-time derivative of the 
Lamb vector (Figure 16), was determined extending the 
tomographic measure to three instants spaced with 
t=1.4x10
-4 
and corresponding to one and two propeller 
rotation degrees. Namely: 
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where 𝐿 = ?⃗? × ?⃗?  is the Lamb vector. It is worth 
pointing out that in Eq. (7), the time derivative operator 
is applied at each measurement point and not at the 
integration volume, as should have been in accordance 
with Eq. (6). 
However, the two approaches are formally 
equivalent as mathematically proven in the contiguous 
method by Powell (2008).  Once known the source 
distribution over the integration volume, the intensity 
of the sound pressure in the far-field is determined 
applying Eq. (6) to a spherical grid as shown in Figure 
17.  
Figure 18 shows an instantaneous distribution of 
the acoustic pressure perturbation over a spherical 
volume with a diameter of 35D (D is the propeller 
diameter). In particular, plots refer to the overall 
acoustic perturbation (bottom-right); the separate 
contributions of the hub vortex (top-left); contribution 
of the trailing wake (top-left); and of the tip vortices 
(bottom-left). 
Acoustic perturbation appears as a quadrupole 
which appears to lie on the propeller plane. The 
contributions of the hub, wake and tip regions to the 
overall acoustic perturbation present different 
topologies, both in terms of pressure levels and 
directivity patterns. In particular: 
 tip vortex perturbation represents the dominant 
contribution to the radiated noise in the acoustic far 
field. In fact, the intensity of the quadrupole 
associated with the tip vortex perturbation is more 
than one order of magnitude larger than those 
associated with the hub vortex and the trailing 
wakes.   
 The directivities of the trailing wake and tip vortex 
perturbations are about the same and correspond to 
the directions at ±45° in the transverse plane, at first 
approximation. Conversely, the directivity pattern 
associated with the hub vortex perturbation 
corresponds to the directions at 0° and 90°, in the 
transverse plane. 
 
 
Figure 16. Phase locked distribution of the Lamb vector (top) 
and of its second time derivative, namely the source term in 
the Powell’s analogy 
 
5. CONCLUSIONS 
 
The present paper deals with two experimental 
approaches for the identification of the acoustic noise 
sources in marine applications.  
The first approach, named as “direct approach”, is 
based on direct pressure fluctuation measurements in 
the acoustic far-field and consists of simultaneous 
measurements of the acoustic perturbation in the far-
field and in proximity of the noise source combined 
with cross-correlation/conditional techniques. The 
second approach, named as “indirect approach”, deals 
with the estimation of the flow mechanisms at the 
origin of sound generation and emission through the 
combined use of a detailed flow measurement 
technique that is able to describe the unsteady flow 
behaviour in the source region, and acoustic analogies. 
The characteristics of the two approaches are 
investigated through the analysis of the acoustic noise 
sources associated with: 1) the interaction between the 
wake of a propeller and a rudder, 2) the installation 
effects in a single-screw vessel, 3) the near-field 
evolution of the vortical structures shed from an 
isolated propeller. In this regard, the following 
comments can be drawn:  
 Propeller-rudder interaction. The study concerned 
near-field pressure fluctuations and velocity 
measurements. Near-field pressure fluctuation 
signals were processed by a wavelet filtering 
technique to separate the acoustic and 
hydrodynamic components and the topologies of the 
two contributions compared with the vorticity 
distribution over the rudder surface. The study 
highlighted distinct mechanisms underlying the 
acoustic and hydrodynamic pressure fluctuations 
associated with the propeller-rudder interaction. 
Hydrodynamic pressure fluctuations on the rudder 
are mainly influenced by the perturbation of the 
propeller tip and hub vortices. On the other hand, 
the acoustic field is basically generated by both 
deterministic and random variations in the rudder 
loading conditions and in the shear layer 
fluctuations of the propeller streamtube. Due to the 
limited size of the facility which did not allow 
measuring the acoustic pressure fluctuations in the 
far field, the map of the acoustic noise sources 
obtained by near-field pressure fluctuation 
measurements has to be considered only as a 
conservative estimate of the actual acoustic sources. 
 
 
Figure 17. Indirect approach: observer domain in the far field 
 
 Single-screw vessel in cavitating and non-cavitating 
conditions.  The analysis of noise sources in non-
cavitating conditions concerned near-field velocity 
and pressure fluctuation measurements in 
combination with acoustic measurements in the far-
field. The major noise source appears localized in 
the second quadrant of the propeller disk where 
blade load experiences the largest azimuthal 
gradients and turbulent fluctuations, due to 
interaction with the hull.  The survey of the 
cavitation noise sources was based on conditional 
triggering of time-resolved near-field visualizations, 
according to the most energetic pressure fluctuation 
events in the acoustic far-field. The results are 
consistent with the literature and confirm the cause 
and effect relationship between noise and implosion 
of the cavitating tip vortex and blade sheet 
cavitation. 
 
 
Figure 18. Reconstructed acoustic perturbation from 
Tomographic data and Powell’s analogy. Overall acoustic 
perturbation (bottom-right) and isolated contributions from 
the hub vortex (top-left), from the trailing wake (top-left) and 
from the tip vortices (bottom-left) 
 
 Hydroacoustics analysis of an isolated propeller 
through Tomographic PIV and Powell’s analogy. 
The study concerned a combined use of 
Tomographic PIV with the Powell’s acoustic 
analogy and aimed at investigating the relation 
between the coherent structures of the propeller 
wake and the acoustic sources. Tomographic PIV 
proved to be an effective tool for the detailed 
quantitative reconstruction of the complex vortex 
topology in the propeller wake and provided an 
accurate description of the source terms of the 
Powell’s analogy. The topology of the acoustic 
perturbation shows a quadrupole pattern with 
directivity axes at 0° and 90° on the propeller plane. 
Tip vortex perturbation represents the dominant 
contribution to the radiated noise in the acoustic far-
field. The intensity of the associated quadrupole 
appears more than one order of magnitude larger 
than those relative to the hub vortex and the trailing 
wake perturbations. Despite the successful 
application of Tomographic PIV in such a complex 
flow, its usage still remains very challenging due to 
the constraints associated with the extent of the 
measurement domain, the required spatial and 
temporal resolution of the accurate reconstruction of 
the noise mechanisms related to the wake dynamics 
and the huge amount of data to be managed. 
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